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Abstract 

The strongest constraint on Vtb presently comes from the 3x3 unitarity of the 
CKM matrix, which fixes Vtb to be very close to one. If the unitarity is relaxed, 
current information from top production at Tevatron still leaves open the possibility 
that Vtb is sizably smaller than one. In minimal extensions of the standard model 
with extra heavy quarks, the unitarity constraints are much weaker and the EW 
precision parameters entail the strongest bounds on Vtb- We discuss the experimental 
perspectives of discovering and identifying such new physics models at the Tevatron 
and the LHC, through a precise measurement of Vtb from the single top cross sections 
and by the study of processes where the extra heavy quarks are produced. 



1 Introduction 



The value of the CKM matrix element Vtb, related to the top-bottom charged current, is 
often considered to be known to a very satisfactory precision (0.9990 < \Va,\ < 0.9992 at 
90% C.L. pQ). However, this range is determined using a full set of tree-level processes 
and relies on the unitarity of the 3x3 CKM matrix. The unitary assumption is mainly 
supported by three experimental facts: 

1. The measurement of V u b and V c b in B mesons decays. We now know that the hi- 
erarchy of the elements belonging to the first two rows of the CKM matrix is in 
excellent agreement with the unitary condition. This is particularly evident within 
the Wolfenstein's parametrization in terms of A = sin6* c ~ 0.22 where 9 C is the 
Cabibbo angle. 

2. The recent D0 and CDF results on AM Bs 013]: 

17 ps" 1 < AM Bs < 21 ps" 1 (90% C.L. interval) D0 collaboration (1) 
17.33t°;g(stat.) ± 0.07(syst.) ps" 1 CDF collaboration . (2) 

The rather precise CDF measurement allows us to extract the ratio iVjd/^sl 

0.20 < IW^I < 0.22, (3) 

by using AM Bd / AM Bs (see, e.g., Ref. PQ) and taking into account the theoretical 
uncertainty associated with the hadronic matrix elements j3]. This ratio fits well 
with the unitary hypothesis which predicts it to be of order A. One should emphasize 
however, that these processes come from loop diagrams, and could be polluted by 
new physics contributions. 

3. The Tevatron measurements of R based on the relative number of ti-like events with 
zero, one and two tagged 6-jets. The resulting values for R are 1.121^23 (stat. + 
syst.) [5] and 1. 03^17 (stat. + syst.) |6J for CDF and D0 respectively, both giving 
R > 0.61 at 95% confidence level. Recalling the definition 

~ IT/ I 2 4_ IT/ I 2 _l it/ I 2 ' 1 ' 

I Vtd\ + | vts\ + I V tb\ 

it is clear that R ~ 1 implies a strong hierarchy between V t b and the other two 
matrix elements, as expected in the unitary case. As we will argue later on, the 
upper limits of the single top production cross sections from Tevatron might already 
provide (rather loose) additional constraints on their absolute magnitude, \Vt s \ ^ 0.62 
and \V U \ < 0.46. 

On the other hand, contrary to what has sometimes been argued, none of these experi- 
mental facts are directly constraining V t b- In fact, even its "direct" determination from R, 
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giving \V t b\ > 0.78 at 95% C.L., comes simply from taking the square root of R, assuming 
the unitarity of the CKM matrix. Since no single top cross section measurement yet exists, 
the Vtb 7^ 1 alternative should be considered as still acceptable. This possibility appears, 
for example, if one introduces new heavy up- and/or down-type quarks. Though such new 
fermions are not favoured by current precision constraints, they are not yet excluded, and 
their existence is in fact predicted by many extensions of the Standard Model (SM) [7j. We 
should thus keep in mind that the familiar 3x3 CKM matrix might well be a submatrix 
of a 3 x 4, 4 x 3, 4 x 4 or even larger matrix. 

In the following section, we present two minimal extensions of the SM that allow a 
value for Vtb considerably different from one. Although these models are theoretically 
self-consistent, they should be primarily regarded as motivations for further experimental 
scrutiny of Vtb- in the first case, the introduction of a new vector-like top singlet leads to 
a global rescaling of V t d, V ts and V t b leaving R unchanged. In the second case, a complete 
new fourth generation is added and the R measurement is used as a direct constraint. In 
Section 3, we discuss the expected precision on the extraction of Vtb at the LHC from the 
measurement of the single top production cross sections. Finally, we review some aspects 
of direct if search at the LHC and in particular the possibility of distinguishing a vector-like 
SU(2)l singlet top from that of a fourth generation. 



2 Models allowing sizable deviations from Vtb — 1 
2.1 The case for a vector-like i! quark 

As discussed in the introduction, a ratio R close to one does not necessarily require V t b to 
be close to one. Indeed, as can be seen from Eq. this ratio is invariant under a simple 
rescaling of all entries: 

V« = Vi o) cos0. (5) 

The minimal way to implement such a rescaling within the so successful renormalizable 
SU{2) L x U{1) electroweak theory is to introduce one Q = +2/3 vector-like quark. If this 
hypothetical iso-singlet quark also has a mass around the electroweak scale, it naturally 
mixes with its nearest neighbour, i.e., the standard heavy top, to enlarge the unitary CKM 
matrix V^ 3 : 

v -=(V uL)( v r) ; WVl ~" (6) 

where V enters in the flavor changing charged current 

C w ±(9) = -JL[u L V^d L W+ + h.c] . (7) 

Note that such an enlargement does not spoil the unitarity of the first two rows of the 
CKM matrix. If we neglect possible CP-violating phases beyond CKM, the left-handed 
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unitary transformation leading to the physical t and t' quarks is a simple rotation in the 
3 — 4 flavour plane 

u = «„(») = ( co 1 " sii ;M w 

y srnf cosy J 

such that 

V ti = V^cosO, (9) 
V t H = ^ 0) sin#, (10) 

with ~ 1. We are therefore left with only two new parameters beyond the SM, namely 
the t — t' mixing angle 9 and the t' mass m t >. These arise from the following SU(2)l x U(l) 
invariant Yukawa interactions: 



L y (t') = A(*°, W) L $t° R + Y(*°, V>) L $1% + h.c. (11) 

and Dirac mass terms 

C D (t f ) = Mi'lt 1 ^ + M'ift° R + h.c. (12) 

Assuming the t' mass to be dominated by the new scale M and not by the vacuum expec- 
tation value v of the SM Higgs doublet $, \(''v < M^'\ the mixing angle 9 is naturally 
smaller than 7r/4 and a theoretical bound on Vtb is obtained as: 



\V tb \ ~ | cos^l > 1/V2 ~ 0.71. (13) 

This model allows Vtb to be smaller than one but also implies tree-level flavour changing 
neutral currents (FCNC) 

£z°{9) = n L VVVn L Zj (14) 

2 cos 9*w p 

C H0 (9,m t ,) = -^—[u L V^M u u R + h.c.}H° (15) 



with 



1 2 X2 

VV* = I cos 2 ^ sin^cos^ I ; M" = diag(m n , m c , m t , m t >). (16) 
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sin 9 cos 9 sin 

Notice that the Z coupling to tt is reduced by a factor of cos 2 9. The non-observation of the 
FCNC processes potentially restricts the off-diagonal elements of VV^ and consequently 
constrains the t — t 1 mixing angle 9. In fact, current limits on FCNC involving top quark 
only constrain the Ztq couplings (q — u, c) pQ. 

We comment in passing on the similar model but with a down-type vector-like quark, 
b'. In this case, the 3x4 matrix can be written in terms of a single mixing angle 0d by 
the transposed of the 4x3 matrix in Eq. (jOJ) and Vtb is now scaled as V t b = V} h Q ' cos6^. 
However, contrary to the t' case to which we shall come back in Section 12.1.21 this angle is 
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now very strongly constrained by the measurement of Rb = T(Z — > bb)/T(Z — > hadrons) 
since the Z coupling to bb is reduced by a factor of cos 2 9d at the tree level. One can write 
Rb in terms of its SM prediction R™ as 

R b ~Rl M [l-(l-Rl u )sm 2 e d }. (17) 

The precisely known experimental and theoretical values constrain sin 9^ to be smaller than 
0.06, which leads to a maximum reduction of V t b compared to of only 0.2%. 



2.1.1 Current constraints on t' mass 

Recently, a new result with the 760 pb -1 data of the CDF Run II was announced jS], 
which excludes a t' mass below 258 GeV at 95% CL. This limit is obtained by assuming 
the branching ratio of t' — > W + q to be equal to unity. Thus, if t' had other decay channels, 
namely flavour changing neutral modes in our model, this bound would be less strict. 

At leading order, t' has three decay modes, t' — »■ W + b, t' — > Zt/Ht (see Eqs. (jZJ), (fTljl 
and l)15jl). The on-shell decay widths are given by jU] 



T(t' -> W + b) = —2 |"|Vb t /| 2 (l + %- 2x^ - 2x b + x^/Xb + xl)y/\(l,x w ,x b ), 



a 








a 








a 


m\. 




m 2 w 



T{t' Zt) = QO 2 I ( vvt )^' I 2 (l + gz - 24 - 2x f + x z x t + x 2 ) V / A(l, x z , x t ), 

(11 



T{t' ^Ht) = oo 2 -f |(VVV| 2 (1 + 6x t - x g + x 2 - x g x f ) VA(1, x h , x t ) 
where 



2 

X(l,x,y) = 1 + x 2 + y 2 - 2x - 2y - 2xy, Xi = —j. (19) 



m 2 
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The total decay width is given in Fig. while the branching ratios for the different modes 
are given in Fig. [I}p as a function of the mass of the t' . Here we have set cos 6* = 0.71 and 
the mass of the Higgs boson to mn = 120 GeV. 

For t' masses below the Z-boson plus top quark threshold (~ 265 GeV), the only on- 
shell decay is t' — > W + b. For t' masses between ~ 265 GeV and ~ 295 GeV, there is also 
a small contribution from the second mode in Eq. ()18j) . For t' masses larger than ~ 295 
GeV, i.e., the top and Higgs threshold, none of the three decay modes can be neglected. 

For larger cos# the branching ratio Br(t' — > W + b) will be reduced. For example, for 
cos# = 0.9 and a t' mass larger than ~ 375 GeV more than 45% of the decays will be 
t' — > Zt/Ht. A larger Higgs boson mass will lower the branching ratio Br(t' — > Ht). 
Nevertheless, the current CDF bound is not affected by those extra contributions. Thus, 
in the following we use: 

— > 1.5 (95% C.L.) . (20) 
m t 

2.1.2 Current constraints on t — t' mixing 

We now turn to the experimental constraints for 9 and rrif. The strongest flavour physics 
constraint comes from the branching ratio of B — > X s ^. The correction to the amplitude 
of B — > Xgj scales like ^U] 



, 0.60 



sin 2 6 , (21) 



if m t > < 300 GeV. Computing the branching ratio at NLO accuracy as in Refs. [TT| I12j. 
the allowed range for cos 9 from the precise measurement 

Br(B -> X sl ) = (3.55 ± 0.45) x 10~ 4 (22) 

leads to the constraints shown in Fig. |2k- Together with the constraint for m t > in Eq. fl2()L 
it translates into a lower bound for \Vtb\ with 

|cos^| B ^ Xs7 > 0.53, (23) 

where only one a of experimental uncertainty in Br [B — > Xg'y) is included. Notice that 
this bound is still weaker than the theoretical one coming from Eq. ()13|) . As can be seen 
in the figure, at a higher confidence level, we do not obtain any constraint on V t b from 
B - X sl . 

As a next step, we consider the constraints coming from the electroweak precision 
measurements. The complete contribution of the t' particle to the T parameter is positive 
and given by [13] 

T = ir • 2! ^7r[ sin2 0F (yt',Vb) - sm 2 9 cos 2 9F(y t , y t .) - sin 2 9F(y t , y h )] , (24) 

lD7rsm 9 w cos z 9 w 

where yi = m^/m 2 z and 

F(y 1 ,y 2 )=y 1 + y 2 -*^\n^ F(y,y) = 0. (25) 

yi - V2 V2 
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(a) (b) 



Figure 2: Excluded range for the mass and mixing of a vector-like quark t' from B — > 

at 95%, 90%, 68.3% C.L. (a) and R b at 95% C.L. (b). The horizontal dashed line indicates 

the experimental bound on m t i at 95% C.L., Eq. (j2"Uj) . 



The experimental bound on m t > in Eq. ()20j) implies 

T > 1.1 sin 2 9 for m v > 258 GeV. (26) 

We find that the S and U parameters can be relatively small, U > 0.12 sin 2 9 and S > 
—0.024 sin 2 9, compared to T in this model. A direct comparison with the most recent 
experimental result from LEP & SLD in ^3], T = 0.13±0.10, where Higgs mass is fixed to 
run = 150 GeV, implies | cos#| > 0.89 if T = 0.23. However, we would like to emphasize 
that the T parameter is known to increase as the Higgs mass increases. Therefore, this 
constraint can be relaxed by including the uncertainties from the Higgs mass. 

On the other hand, the Rb ratio, T(Z — > bb)/T(Z — > hadrons) turns out to give much 
stronger and more solid constraints. The t and t' loop corrections to T(Z — > bb) modify 
this ratio as (see Fig. EJ) [IS] 

Rb < (1 -0.015 sin 2 9)Rf M , (27) 
if TUt> > 258 GeV is used. The current experimental result 

Rl w = 0.21638 ± 0.00066 (28) 
is consistent with the SM fitted value 

Rf M = 0.21564 ±0.00014 (29) 

within 1.1(7. Using 95% C.L. value for the experimental data, we end up with a rather 
strong and solid constraint (see Fig. |2t>), 

\cos9\ Rb > 0.91. (30) 
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Figure 3: Modification of the Z — > bb rate from one-loop diagram including t and t'. In 
the case of a vector-like t', also the flavor changing neutral vertex Ztt' contributes. 

2.2 The case for a fourth generation 

Another possible extension of the CKM structure of SM is the addition of a fourth gen- 
eration. In this case, the presence of b' implies a unitary V^x^ mixing matrix such that 
tree-level FCNCs in hadronic Z° decays are now forbidden (see Eq. (|14j)). Next, we shall 
discuss the (V t d, V ts , V t b) bounds for this model. 

Neglecting again the CP-violating phases beyond CKM, the 4x4 unitary matrix con- 
tains three extra mixings which we parametrize, following Ref. ^B], as 

V 4x4 = R 3 *(9 u )R 2i (9 v )R 14 (9 w ) ( ^8x8 3 xi \ ? (31) 

V U lx3 J- / 

where Rij(0) is the rotation in the i — j flavour plane. It is important to notice that 
for the 3x3 unitarity matrix part, V^g, the usual Wolfenstein's expansion is applicable 
irrespective to the size of 9 UjV}W in this particular parametrization. We then obtain (for 

i = d,s, b) 

V ul = cos9 w V^ (32) 
V cl = cos0„yj o) -sin9 v 8in9 w V^ ) (33) 
V ti = cos 6 u V t f } - sin 9 U sin 9 v v£ ] - sin U cos 9 V sin 9 W V^ (34) 
V t 'i = sin 9 u V t f^ + cos 6 U sin 9 v Vjp + cos 9 U cos 9 V sin 9 W V^ . (35) 

Using the fact that (V^, Vus , vj^) are written in terms of the single parameter A up 
to 0(X 3 ), the 4x4 unitarity condition immediately constrains the two extra mixing angles 
appearing in Eqs. (}32|) and (}33|) . The experimental values given in Ref. indeed imply 

\6 W \<0(\ 2 ), \9 V \<0(\). (36) 
2.2.1 Current constraints on V ti 

Similarly to the vector-like model, the mixing angle 9 U is not constrained from the unitarity 
condition since the third row is not known. Given the hierarchy of Eq. (|3b|). let us neglect 
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cos 9 U 
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(a) (b) 

Figure 4: Excluded ranges for the mass and mixing of a fourth generation t' quark from 
the B — > Xg'j branching ratio at 95%, 90% and 68.3% C.L. The dashed line indicates 
the experimental bound on m t > (see Eq. (|20j)). We fix the mixing angles 9 W = and 
9 V ~ 0.2,0.1 for figure (a), (b). Constraints from Rj, are similar to those for a vector-like 
quarks, shown in Fig. \^p. 



9 W . However, even a small value of 9 V could entail a large deviation of Vu from its SM 
value. By choosing maximal t — t' mixing, i.e., 9 U = it/ '4, Eq. (}3"4*|) reduces to; 

V2V td = V t f + sin 9 V , V2V ts = V t f } + sin 9 V V® , s/2V th = V t f + sin 9 V . 

0(X 3 ) 0(A) 0(X 2 ) 0(1) 0(1) 0(A 2 ) 

(37) 

We notice that (\V td \, \V ts \) can be enhanced as much as ((9(A 2 ), 0(A)) for \9 V \ ~ O(X). In 
such a case, R value can be as low as: 

R= oWTT^ 0X - (38) 

Combining Eq. ()37|) with the 4x4 unitarity constraint in Eq. (|3fj|) . we find that the largest 
possible deviation from the SM value of Vu is obtained for \9 V \ ~ 0.2 and \9 U \ ~ 0.7, i.e., 

|V^|<0.03, \V ts \<0.2, |V«,|>0.8, (39) 

if we fix the other Wolfenstein parameters in as A = 0.22 and A = 0.85. 

Next, we obtain constraints for 9 V and 9 U from a loop-level process, B — > X s 7, by 
including the t' contribution. The result is shown in Fig. 0] In Fig. HJt, we fix 9 V = 0.2, the 
maximum allowed value from the unitarity condition, and find that the allowed range of 
V tb at la (95% C.L.) is 0.07(-0.07) < V tb < 0.38(0.58). This interval does not overlap with 
the theoretically allowed region \V t b\ > 0.71, Eq. (JHU), and therefore \9 V \ ~ 0.2 is excluded. 
In Fig. Eb, where 9 V = 0.1, we find that V t b above 0.11 is allowed. 



S 




Figure 5: Representative diagrams for single top production: t-channel (a), s-channel (b), 
and H^-associated production (c). 

Finally, we consider the constraints from the EW precision data. The large value of the 
S parameter in the fourth generation model is often advocated to exclude this possibility. 
However, those analyses are usually performed assuming T ~ 0. As was shown in the 
previous section, the T parameter can be modified significantly in our case due to the 
mixing between the fourth generation fermions and the standard fermions (non-zero 6). 
Assuming the new b' mass equal to the t' mass, which ensures a minimal T value, we obtain 

T>2.0sin 2 #, U > 0.17sin 2 #, S > 0.16, (40) 

to be compared with the results of the electroweak fit, 5" = 0.07±0.10, and T = 0.13±0.10 
for U = ^3]. In fact, a larger value of S allows a larger value of T. Thus, this model is 
still viable for mixing angle and mass configurations similar to the previous model. 

Once again, the ratio Rb turns out to give the strongest constraints. Here, t and if loop 
corrections to T(Z — >• bb) imply 

Rb<(l~ 0.019 sin 2 6)Rf M . (41) 

This bound, very similar to the one derived for the vector-like if case, Eq. (|27jl . requires (at 
95%C.L.) ' 

|cos0 u |>O.93 (42) 

and definitely closes the unnatural window |cos# u | < l/\/2 left over by B — > X s ^ (see 
Fig.lU). 

We should also mention that gauge anomaly cancellation requires the same number of 
generations in the lepton and quark sectors. The fourth generation lepton contributions 
can also modify the above predictions quite significantly, depending on their masses (see 
the detailed discussion in Ref. [T7j). 

2.2.2 Impact on the single top production 

If \Vtd\ and \Vt s \ are larger than their SM values, a possibility which could occur in the 
fourth generation model but not in the vector-like model, both the top branching ratios 
into Wj and the single top production cross section for the t-channel and H^-associated 
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Collider 


Process 


Cross section (pb) 




\Vtb 2 \Vts\ 2 \Vtd\ 2 


Tevatron 


t-channel 
s-channel 
Wt 


0.88 2.7 10.5 
0.30 

0.038 0.150 1.26 


LHC 


t-channel 
s-channel 
Wt 


150(87) 277 (172) 766 (253) 
4.6 (3.4) 
30 67 294 (107) 



Table 1: Contributions to the cross section for single top production proportional to the 
corresponding CKM element squared. Cross sections (in pb) are calculated at LO (m t = 
175 GeV, fiR = fiF = rn t , PDF=CTEQ6L1 [THj) and refer to the production of a top. The 
anti-top cross sections are given in parenthesis when different from those of a top. 

production (Wt) will be affected (see Fig. It is interesting to check what kind of 
constraints the present limits on the single top production from the Tevatron give on the 
Vu matrix elements and what the prospects will be at the LHC. The cross sections for the 
t-channel production is proportional to the parton distribution functions for the incoming 
quark times the corresponding CKM element squared, i.e., 

a(pp(pp) -> tj) = iVufa^ + \V ts \ 2 al ch + \V tb \ 2 a\- ch , (43) 

similarly for the IV-associated production, while the s-channel can be written as: 

a(pp(pp) -> tg; q = d, s, b) = (\V td \ 2 + \V ts \ 2 + \V tb \ 2 ) a s ~ ch . (44) 

In Table ^the results for the cross sections calculated at LO with MadGraph/MadEvent ^Hj 
(m t = 175 GeV, fiR = fip = m t , PDF=CTEQ6L1 ^]) at the Tevatron and LHC are given 
as coefficients of the corresponding CKM matrix element. If the three-family unitarity 
holds, the contributions coming from the strange and down quarks are suppressed by the 
smallness of the corresponding CKM elements and give a negligible contribution to the 
total cross section. 

The above predictions can be compared to the most stringent limits from the CDF 
collaboration [20] : 

3.4 pb at 95% C.L. 

3.1 pb at 95% C.L. (45) 

3.2 pb at 95% C.L. 

These limits assume a SM scenario, with V#, = 1. In order to curb the large background 
coming mainly from W + jets and ti, the experimental analysis makes extensive use of the 
kinematical information of the signal, such as the presence of forward jet and/or of a charge 



a 



-ch 
SM 



i t— ch 
°SM 



a 



a. 



ch 
SM 
t-ch 
SM 



< 
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\V U \ \V U \ \V td \ 

Figure 6: Excluded regions for \V t d\, \Vt s \, and \V t b\ as obtained from the CDF limits on 
the single top production, au (orange) and <7i& + 02b (dark-blue), the measurements of R 
(pink) and the physical bound |Vtd| 2 + |Vt s | 2 + \ V t b\ 2 < 1 (yellow). The combination of these 
four bounds provides an additional excluded region (light-blue). 

asymmetry in the t-channel. However, the most important selection criterium is given by 
the requirement of two jets, of which one or two are 6-tagged. If V t b = 1, the t-channel 
typically leads to one 6-jet in the final state (from the top decay), while the s-channel to 
two 6-jets. For sake of argument we restrict the following study to this distinctive feature, 
keeping in mind that the results obtained here are meant as illustration and could be easily 
improved by a more detailed analysis. 

In this approximation, the limits on cr^ h and cTg^j ch can be translated into the cross 
section involving one fe-jet, au, and two 6-jets <T2b and their sum, a to t = crib + &2b, where 

a lb = J?{2(|^| 2 + |T4 s | 2 )^ s ^ ch + [|"^ rf |V*- ch + |\4,|Vr ch + l^lVr 011 ]} , (46) 
crib = R\V tb \ 2 a s - ch . (47) 

R is defined in Eq. (j3J). Using the constraints in Eq. ()45|) and the result R > 0.61 at 95% 
C.L., we obtain the excluded regions for \Vu\ as shown in Fig. |3 The resulting allowed 
values, I I ^ 0.46 and | V* s | < 0.62, are much less constrained than those obtained from 
the 4x4 unitarity and B — > X^. 

3 Future prospects at the LHC 

In this section we discuss the perspectives for the determination of Vtb at the LHC. The 
primary method to extract information on Vtb will be through the measurement of the single 
top cross sections, which are directly proportional to |V 4 ;,| 2 . The best determination will 
come from t-channel production, but it will still be crucial to have measurements from all 
the three channels to identify possible sources of new physics, since in general new models 
may have effects in one channel and not in the others [21]. For the models introduced in 



11 



the previous section, it will also be possible to study the production of extra heavy quarks 
and from that to discriminate, for instance, the case of just one vector-like top from that of 
a full SU(2)l doublet. We briefly illustrate this possibility and outline possible strategies 
in Section K121 We mention in passing that another handle to Vtb might be offered by the 
direct measurement of the top width. There have been suggestions on how to perform such 
a measurement in e + e~ experiments |2*2*l I23| . We do not discuss this possibility here, even 
though such studies at the hadron colliders would be certainly welcome. 

3.1 Vtb measurement at the LHC 

Going from Tevatron to LHC, the higher energy and luminosity provide better possibil- 
ities for a precise determination of the CKM matrix element V t b, i n all the three pro- 
duction modes: t-channel (q^ < 0), s-channel (q^ > 0), and W-associated production 
(q^=M^j). The corresponding cross sections are shown in Table El J2U 123 EE] • The three 



Process 


a(pb) 


t-channel 

Wt 
s- channel 


245 
60 
10 



Table 2: The single top production cross section values at the LHC at the NLO level (top 
and anti-top contributions are summed). 

production processes occupy different phase space regions and have large differences in 
signal-to-background ratios. 



3.1.1 Determination of Vtb from the t-channel production 

For the t-channel, the signature is one lepton, missing energy, one 6-jet and one recoil 
jet (un-tagged and at high rapidity). In the CMS study of Ref. [21] it is shown that a 
signal-to-background ratio higher than unity is achievable and the main background after 
selection is tt. 

The total relative uncertainty on the cross section can be estimated by: 



Aa _ VN S + N B AN S © AN B AL 

where Ng and iV^ are the number of selected signal and background events respectively, and 
L and AL are the LHC luminosity and its uncertainty. ANs and AiV£ are the experimental 
systematics (such as uncertainties on jet energy scale and 6-tagging efficiency) for the signal 
and the background, respectively. In the latter the uncertainty on the background sample 
normalization is also included. Fig. [7] shows its dependence on the signal cross section. For 
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Figure 7: The relative uncertainty on the cross section as a function of the cross section 
for the t-channel, corresponding to 10 fb -1 integrated luminosity (solid line). The star 
indicates the SM expectation. The dashed line represents the systematic uncertainty. 

10 fb _1 of integrated luminosity and under the assumption that the signal cross section is 
as expected in SM, this results in 1 

— = ±3%(stat.) ±7%(syst.) ±5%(lum.). (49) 
a 

The measurement is systematics dominated, mostly due to the imperfect knowledge of jet 
energy scale, 6-tagging efficiency and mistag probability. 
The expected uncertainty on Vtb may be computed as 

AV tb 1 /Aa mcas Act* 
V tb 2 V cr mcas ® a th 

For the t-channel, the uncertainty on cr th has been calculated in detail in Ref. [2E| and has 
the following contributions: 

• PDF uncertainties: +1.3%, -2.2%, 

• higher orders (QCD scale): 3%, 

• variation of the top mass within 2 GeV: +1.56%, —1.46%, 

• uncertainty on the b-quark mass: < 1%. 

1 In Ref. 8% systematics is quoted because it includes 4% uncertainty on er th which we add sepa- 
rately later in this section. 




13 



The above uncertainties are associated to the fully inclusive cross section. Therefore, 
the overall uncertainty on V t b is estimated to be 5%. A more accurate determination would 
take into account the specific phase space region selected by the analyses. In particular, 
we point out that the request of exactly two jets (vetoing any other jet above a certain 
threshold), needed to reduce the ti background to a reasonable level, may give a larger 
scale dependence than quoted above. 

Moreover, more studies are needed on the electroweak corrections. Due to the presence 
of the W in the intermediate state, real and virtual photon emissions are expected to give 
sizable amplitudes, and the correction to er th might be as large as several percents [29J. 



3.1.2 Other single top processes 

For the VT-associated production, one can follow two complementary search strategies: one 
based on the selection of two isolated leptons, the other with one isolated lepton and two 
light jets compatible with the W mass. In both cases missing energy and one 6-jet are 
also required in the final state, and no other jet is allowed. The main limitation of this 
analysis is the similarity of the signal with the ti background, where the jet counting is 
the only handle to reduce it. It is worth mentioning that such a similarity with the ti is 
also a problem at the theoretical level: Wt is consistently defined and insensitive to the 
quantum interference with ti only when extra fe-jets in the final state are vetoed |26j . 

After the selection, a signal-to-background ratio of 0.37 is expected for the di-leptonic 
channel and 0.18 for the single-leptonic, the background being almost completely consti- 
tuted by ti events. In order to constrain this background, and to cancel out a large part 
of the main systematics, one can make use of a control sample and employ the so-called 
"ratio method" [SUj- Then, the cross section can be rewritten as 

wt R tt (N-B )-(N c -B c ) 

e^(R tt -R wt ) (51j 

where N(Bo) and N C (B C ) are the total number of selected events (the non-tt background) 
in the main and in the control samples, respectively. e wt is the signal selection efficiency 
Rwt(Rtt) is the ratio of the efficiency in the control sample to the efficiency in the main 
sample for the signal (and ti). The uncertainty in the background sample normalization, 
which dominates ANg in Eq. ()48j). is now associated to the statistical uncertainty in the 
large control sample of N c and the systematic uncertainty due to the background rejection 
is highly reduced since it only enters in the ratio. 

The expected precision on the cross section with 10 fb _1 of integrated luminosity is: 

— = ±6%(stat.) ± 16%(syst.) ± 5%(lum.). (52) 
a 

This result is obtained by averaging di-leptonic and single-leptonic analyses from Ref. jHOj 
assuming fully correlated systematic uncertainty. The statistical significance for 10 fb" 1 is 
higher than six standard deviations. 
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Although not competitive with the t-channel production in terms of the achievable 
precision in the extraction of V t b, the W^-associated process is still attractive since the 
observation of the W in the final state would prove that the top is produced through a 
charged current interaction. As we mentioned above, the definition and the measurement 
of this channel is difficult due to the large overlap in phase space with ti, whose cross 
section is more than ten times larger. In this respect it is interesting to note that in jp 
collisions at the LHC, where protons emit almost real photons colliding with protons of 
the opposite beam, the Wt and ti cross sections are of a similar size, leading to a much 
better signal over background ratio. Work to explore this alternative is on-going pTT| . 

For the s-channel process qq' — » W* — * tb/ib, whose signature is one lepton, missing 
energy and two 6-jets, the it background is again difficult to curb and a ratio method has 
to be applied as in the Wt case. The final result of the analysis [27|, for 10 fb" 1 , is: 

— = ±18%(stat.) ±31%(syst.) ±5%(lum.), (53) 
a 

where most of the contribution to the systematics comes from the jet energy scale uncer- 
tainty. 

3.2 t' production cross sections at the LHC 

If extra quarks exist, either as a SU(2) gauge singlet or in a doublet, and they are light 
enough, they could be also discovered at LHC. The phenomenology of such states has been 
studied in the literature (see, e.g., Refs. E2]) and here we limit ourselves to a brief 
discussion, highlighting how the SU(2) nature of the extra quark(s) could be determined. 

In Figs. El and El the t' production cross sections are shown for various production 
modes as a function of the t' mass. For simplicity, we have set \Vt>b\ = |(VV^)^/| = 1, 
so that if the mass of the t' is equal to the top mass (~ 175 GeV) the cross sections are 
equal to the SM cross sections for top production. Results at LO have been obtained 
with MadGraph/MadEvent ^Hj, while MCFM jH3j has been used when calculations at next- 
to-leading order in QCD were available. 

In Fig. [HI the double t' production cross section is given by the solid line and the single 
t' production channels are given by the dashed (s-channel), dash-dotted (t-channel) and 
dotted (Wt') lines. For t' masses below ~ 250 GeV double t' production dominates the 
single t' production, just as the double top cross section is larger than the single top in 
SM. Above ~ 250 GeV the t-channel becomes the dominant production mechanism, as it 
is the least dependent on the t' mass. Note, however, that the single t' production scales 
as while the pair production cross section is independent of it and might still be the 

dominant production mechanism. For example, for cos 9 = 0.71 the single t' production 
cross sections decrease by an overall factor of four. 

One way to distinguish between a new extra doublet and a vector-like quark is to look 
for FCNCs, which are only present for the vector-like case. At leading order there are 
two mechanisms for the production of a ti'/t'i pair, viz., through an s-channel Z or Higgs 
boson. The total cross section for the processes pp — > Z — ► ti' /it' and gg — > H — > it' /ti' 
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Figure 8: t' production function of its 
mass, with \Vw\ and |(VV^) it /| set to one. 
Results are shown for t'i' pair production 
and the three single t' channels. 



Figure 9: FCNC tt'/tt 1 production through 
an s-channel Z or Higgs boson (solid and 
dotted lines) clS db function of the mass of 
the t', with |(VVt)tf| set to one. 



are given by the solid and the dotted lines in Fig. El respectively. Note that the gg — > 
H — > it' / it' cross section is almost independent of the t' mass because of the cancellation 
of two competing effects, i.e., the increase of the tt'H coupling and the gluon luminosity 
suppression for larger x. 



4 Conclusions 

In this paper we have elaborated on the phenomenology concerning the CKM matrix 
element V t b in models that relax the strong constraints coming from the unitarity. We have 
first emphasized that V t b — 1 is required neither from B physics nor from the top quark 
decay rate measurements. Only the direct extraction of Vtb from the single top production 
cross section at the Tevatron and at the LHC will allow to complete our knowledge of the 
CKM matrix and hopefully shed new light on the nature of the top quark. 

As a simple extension of the SM that breaks the 3x3 unitarity condition of the CKM 
matrix and leads to a deviation from V t b — 1, we have considered the addition of extra 
fermions: either a vector-like up-type quark (t 1 ) or fourth generation quarks (t' and b'). The 
main motivation for selecting these models is that they serve well the illustrative purpose 
of our study. They are simple, self-consistent and allow to easily find the constraints on 
V t b coming both from precision physics and direct observation. In this respect, they should 
be regarded as useful templates for further experimental scrutiny on Vtb- 

We find that the strongest constraint on these models comes from Rb, which severely 
restricts the allowed amount of t — t' mixing. When this result is combined with the very 
recent direct bound on the t' mass by the CDF collaboration, mt> > 258 GeV, one finds 
\V t b\ > 0.9. This very strong bound relies, however, on two assumptions which might not 
hold in more sophisticated models. The first one is that the corrections to Rb induced by 
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loop effects are only coming from the t' contribution, and therefore models with an extended 
particle content may be less constrained. The second assumption, which is at the basis of 
the lower bound on the t' mass by CDF, is that the branching ratio of t' — > Wq is one. 
For instance, this condition is satisfied in our vector-like t' model only for m# < 300 GeV. 
If at least one of the above conditions is not fulfilled, we have shown that other indirect 
measurements, such as those coming from B — ► X s ^j or the S, T, U oblique parameters 
should also be considered. 

In the near future the observation of the single top process, which is challenging both at 
the Tevatron and the LHC, will for the first time provide a direct measurement of Vtb- We 
showed that the current lower bound from Tevatron data has started giving direct infor- 
mation on the magnitudes of V t d and V ts , and that they will be further constrained as soon 
as the LHC data will be available. Among all three possible production mechanisms, the 
t-channel is the most promising process where V t b could be determined at the 5% precision 
level already with 10 fb _1 of integrated luminosity. The precision of this result is limited 
by the systematic uncertainty and might be well improved with better understanding of 
the detector and background. The other channels, W— associated and s-channel, are more 
challenging due to a much larger systematic uncertainty. However, a measurement of these 
production mechanisms will be important to complete our knowledge of the top quark 
coupling to the weak current and possibly reveal new physics. 
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